AD-A160 90@ GENERATION OF UNDERWATER SOUND BY A MOVING HIGH-POMER
ﬂgER SOURgEéU) TEXAS UNIV AT AUSTIN APPLIED RESEARCH

LAl
UNCLASSIFIED NO0914-82-K-0425

ELOT 81 AUG 83 ARL-TR-85-21

Vv

HEEENN

HEENNNEN
I O -
]
I O
T Tl
NN
| | (e




©
N
(¢,

1.0

—
,l
S ——
———
e te———

FEEFERE [F
N
N

I RN ™
FEEE

.N
ii o

&r
r
(44

R

llz

e ——

E_
B
_E:
I

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS - 1963 - A




ARL-TR-85-21 Copy No. //

GENERATION OF UNDERWATER SOUND BY A
MOVING HIGH-POWER LASER SOURCE

Yves H. Berthelot

APPLIED RESEARCH LABORATORIES
THE UNIVERSITY OF TEXAS AT AUSTIN
POST OFFICE BOX 8029, AUSTIN, TEXAS 78713-8029

AD-A160 900

1 August 1985

Technical Report

APPROVED FOR PUBLIC RELEASE;
DISTRIBUTION UNLIMITED.

Prepared for:

OFFICE OF NAVAL RESEARCH
DEPARTMENT OF THE NAVY
ARLINGTON, VA 22217

O FILE COPY




T
T

5
b

o ~

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

REPORT DOCUMENTATION PAGE Bspgigncmgfgggg?o“
[T REPORT NUMBER 2. GOVY ACCESSION NOJ 3. RECIPIENT'S CATALUG NUMBER
P\D. 4 /E0 Ao
4. TITLE (and Subtitie) ] S. TYPE OF REPORT & PERIOD COVERED
GENERATION OF UNDERWATER SOUND BY A MOVING technical report

HIGH-POWER LASER SOURCE

. PERFORMING DRG. REPORT NUMBER

*ARL-TR-85221

7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(e)
Yves H. Berthelot N0O0014-82-K-0425

9. PERFORMING ORGANIZATION NAME AND ADORESS 10. PROGRAM ELEMENT. PROJECT, TASK
Applied Research Laboratories AREA & WORK UNIT NUMBERS

The University of Texas at Austin
Austin, Texas 78713-8029

11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORY DATE

Office of Naval Research 1 August 1985

Department of the Navy 3. NUMBER OF PAGES

Arlington, VA 22217 204

14, MONITORING AGENCY NAME & ADDRESS(If differsnt from Controlling Office) 18, SECURITY CLASS. (of thie report)
UNCLASSIFIED

1Se. DECLASSIFICATION/DOWNGRADING |
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the sbatract entered in Block 20, Il difterent lrom Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side if necessary and identify by dlock number)

thermoacoustics moving source convolution
optoacoustics Doppler shift exponential shading
laser-induced sound transonic velocity line source

arrays impulse response

MO ABSTRACT /Continue on reverse side If necessery and identity by block number)

The generation of underwater sound by a high-power laser pulse is analyzed both
theoretically and experimentally. The mechanism of sound generation is the
thermal expansion of the water caused by heat imparted by the laser. The basic
physical properties of such a laser-induced thermoacoustic source are investi-
gated with a time domain approach which is valid in the nearfield of the source.
Results are then extended to the case of a thermoacoustic source moving at
subsonic, transonic, or supersonic velocities on the surface of the water.

Special attention is paid to the case of a source roving at a velocity close to

oD ,52:“,, 1473 eoimion oF 1 NOV S 1S OBSOLETE U N c LA ss I FI E D

SECURITY CLASSIFICATION OF THIS PAGE(When Dete Bntered)

PR




B el dnan g 2

-

RN

~arcrd

- B -
......... L
D A a )

AR S

..........................................

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)

20. (cont'd)

the speed of sound in the water, because, at such a velocity, high pressure
transients can be generated, making the thermoacoustic mechanism of sound
generation more attractive for practical applications. Experimental results

were obtained with a laser system providing up to 5 joules of energy over a

pulse duration of approximately 1 ms, during which the intensity was modulated

at a single frequency between 5 and 80 kHz. The laser emitted either in the
infrared region of the spectrum +Glass -rod, optical-wavelength 1.06 ym)
or in the visible region of the spectrum {Rubyrod; Optical wavelength 0.6943 um)!
Most of the experimental results presented in this study were obtained with the
Neodymium:Glass laser. Four kinds of results were obtained: pressure waveforms,
directivity patterns, sound level dependence on source velocity, and spreading
curves. In general, the experimental results are in good agreement with the
theoretical predictions.

D

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)

R TR T w T

. e gy oew



FOREWORD

This report is an adeptation of Yves H. Berthelot's Ph.D. dissertation
(same title). The degree was granted in August 1985 by the Graduate
- School of The University of Texas at Austin.

I Support for this research came from the Office of Navel Research

(ONR) under contract NOOO14-82-K-0425. ONR scientific officers were

P. H. Rogers until 1983 and, later, R. M. Fitzgerald (Code 425 UA).

Accession For

IS GRAXI o
ggg TAR llene J. Busch-Vishniac

Unannouncad O Supervisor
Justificotion

By.
Distributlion/
ettt ]
Availability Codes
1Avail and/or
Dist | GSpeclal

{ i s
| ]
'A-’.
QUALITY . -
INSPECTED
5
o
.
-
> i
s |
T et e e e T e T . e {
Tt e e e O R R O T e e e e e e e I A AR TR PP PP AATLNLSY,




TABLE OF CONTENTS

FOREWGORD
LIST OF FIGURES
LIST OF TABLES

LIST OF IMPORTANT SYMBOLS
{.  INTRODUCTION

if. EXPERIMENTAL APPARATUS
A. Laser
B. Experimental set-up
C. Rotating mirror

D. Synchronization

E. Receiving system
: ll. STATIONARY THERMOACOUSTIC SOURCES
_ A. Impulse response

I. Vertical impulse response hy (t)

2. Horizontal impulse response hy(t)

i B. Pressure wavefarm
r C. Directivity patterns

D. Spreading curves

E. Conclusions
IV. MOVING THERMOACQUSTIC SOURCES
A. Theory

1. Pseudo-convolution
2. Laser beamwidth effects

3. Numerical predictions

P JRachvie, G ity ) o, 3 0y - iy -Biae Ak Siany

Page
iii
viii

Xi

Xii

14
14
18
21
24
24
28
38
40
47
57
59
62
63
63
67




+ Ot iy - i IR o oW TS

Table of Contents (Cont.) Page

B. Experimental results 72

_ 1. Pressure waveforms 73

L 2. Directivity patterns 77

Y 3. Sound level versus Mach number 85

& 4. Spreading curves 88

* C. Conclusions 90
3 V. THE DOPPLER SHIFT OF AN ACOUSTIC SOURCE qovme

EjL; AT TRANSONIC VELOCITY 93

8 A. Point source 94

. Characteristics 94

2. Pulse duration 100

3. Maximum gain and optimum Mach number 109

B. Line source 113

1. Characteristics 13

2. Pulse duration 121

C. Conclusions 126

V1. CONCLUSIONS AND SUGGESTIONS ' 128

APPENDICES: 135

9 A. Nonuniformity of the laser scanning velocity and oblique

incidence of the laser beam 135

< B.

C. Interface between the oscilloscope and the computer 148

Frequency response and beam patterns of the hydrophone 138




T et Yy T T E N TR T T Vet e o Y Y

Table of Contents (Cont.) Page
D. The inhomogeneous viscous wave equation for
laser-induced sound 157
E. Half-order derivative and impulse response h (t)
- and connection with the parabolic cylinder function 163
g F. Determination of the optical coefficient of absorption 167
} G. Numerical program “MTS” 170
H. Simplified analysis for a laser-induced Mach wave 178
[. Directivity patterns and spreading curves with a ruby
laser 181
REFERENCES 189




Gl PR A R S R L I R N A et et L tae -t e - - 3 1 p - -“.:'m'-‘-'-'t'."‘}‘m

LIST OF FIGURES

Figure Page

1 Block diagram of the experimental system 7

2 Modulated laser system 8

3 Optical train configuration 9

4 Representative operation of modulsted laser system 11

S Mechsnical arrangement - | 15

6 Mechenical arrangement - {i 16

7 Laser rotstion firing controlier 20

8 Stationsry thermoscoustic source geometry - | 25

9 Stationsry thermoacoustic source geometry - I 30

10 Impulse response hy (t) 35

" Impulse response h (1) 8s 8 function of '=ar,cosd, 36

12 Pressure weaveforms s 8 function of M=ar,cosé, 42

13 Farfield comparisons of pressure waveforms 44
14 Experimental and theoreticsl pressure waveforms 46
? 15 Directivity of 8 stationsry thermoscoustic source - | 30
16 Directivity of 8 stationary thermoacoustic source - |l 52

, 17 Directivity of a ststionary thermoscoustic source - (il 93
: 18 Nearfield effects: 8, 8s @ function of ry end 35
19 Nearfield effects: 64, 85 8 function of r and « 96

20 Nesrfield directivity of 8 stationary source 58

21 Spresading of & stationary thermoacoustic source 60




List of Figures {Cont.)

22 Moving thermoacoustic source geometry 64
23 Numericsl predictions of MTS pressure waveforms 70
24 Pressure waveforms: theory and experiment 74
25 Laser-induced Mach wave 75
: 26 Vertical directivity of an MTS 79
i 27 Verticsl directivity of a transonic MTS 81
g 28 Horizontsl directivity of an MTS 82
29 Horizontal directivity of 8 transonic MTS 84
30 Sound level versus Mach number 86
31 Spreading curves for sn MTS 89
32 Moving point source geometry 95
33 Characteristics for 8 moving point source 99
34 Doppler shifted pulse durstion 104
35 Gsin of 8 maving point source 108
36 Moving line source geometry 114
. 37 Cheracteristics for 8 moving line source 120
38 Gain for 8 moving line source 125
39 Sensitivity of the hydrophone 140
40 Beasm patterns for the hydrophone 141
, 41 Optical coefficient of sbsorption in water tank 169
X 42 Verticel directivity of en MTS - | 162
43 Vertical directivity of s transonic MTS 184




List of Figures (Cont.)

44
45
46

Vertical directivity of an MTS - 1I

Horizontal directivity of an MTS

Spreading of an MTS

185
186
188




LIST OF TABLES

Page
Modulated laser system specifications 13
Specifications for the rotsting mirror system 17
Optimum Mach number and gain as 8 function
of nondimensiyu~0l pulse durstion 112
Errors sssocisted with the nonuniformity of the
laser scanning velocity 138

xi




LIST OF IMPORTANT SYMBOLS

laser beam radius

optical transmissivity between air and wster
sound speed

specific hest at constant pressure

Doppler factor

parabolic cylinder function of order v
frequency

laser modulation frequency

Doppler shifted frequency

Doppler gsin

height of the rotating mirrar above the water surface
impuise response of a thermoacoustic source
horizontal impulse response

vertical impulse response

Fourier transform of h(t}

Fourier transform of hy(t)

Fourier trensform of hy (t)

Laser intensity (z-component)

Laser intensity vector

envelope of laser pulse

wave number w/c

Doppler shifted wave number

constant of proportionslity (Agca/dmep)

Xii

B a A .

.

)

’
—— s



1/e length of the thermoacoustic source (1/a)

Mech number v/c

M sind, cosé,

total pressure, ambient pressure, scoustic pressure
acoustic pressure

elementary scoustic pressure (see page 63)
total acoustic pressure

heat added into the medium per unit time and volume
initisl range

ro/Ctp nondimensionsl range

see page 115

total entropy, smbient entropy, acoustic entropy
laser besm cross section

time coordinate

see pages 97 and 115

totsl, ambient, and acoustic temperature

source velocity

half-wave voitage of the Pockels cell

voltage spplied to the Pockels cell

spatial coordinates

see page 100

coefficient of sbsorption of light

coefficient of thermal expansion

xiit




........

r nondimensionsl parsmeter ar,cosd,

8() Dirac delta function

g initial angle of observation

Op half-power beamwidth in the directivity psttern
fmax tilt angle of the main lobe in the directivity psttern
6 sngle of observation between source and receiver

A wavelength

Ad Doppler shifted wavelength

(A+2y) coefficient of viscosity

e. 0g. 0 total density, ambient density, acoustic density

6 nondimensions! wavenumber k/a

t() vertical diffraction time

Up laser pulse duration

) received pulse durstion

4g initial azimuthsl sngle

Y deflection angle between the laser beam and the vertical
A] sngular frequency

Wg Doppler shifted sngulsr frequency

Wg snguler frequency of the l1aser modulation

?- Q nondimensional frequency f,/(c/a sind,)




ittt Aot St Juate st e CHRbt S it G et aint et it M WIS S el A B 2 i S e ah 4 R S E s R S R A T A G GG A G

..........

CHAPTER |
E INTRODUCTION

The generstion of sound by & source of light wes investigsted

experimentsliy more then one hundred yesrs ago by Bell,! who ceme to the
conclusion thst “sonorousness, under the influence of intermittent light, is
o property common to 8ll mstter”. Bell's experiment resulted in the
construction of & “photophone” or spperatus for the production of sound by
light. Bell's invention of the photophone wes neglected for meny yesrs, but
recently it hes received more sttention becsuse new developments in high
power laser technology meke this type of sound generstion more suitable
for practicel applicstions. There is sn obvious sdventage to opto-acoustic
generotibn of sound: it does not require sny physicsl transducer in the
medium in which one wents to generste sound. This unique property of
laser-induced sound has prompted intensive resesrch in the past twenty
yesrs in verious fields such 8s nondestructive testing, moleculsr
spectroscopy, snd sonsr spplicstions to nsme oniy a8 few. Tem2 lists more
then 400 references on leser-induced sound ond Pierce's recent

bihliogrephg3 on the ssme subject is more then twelve pages long.

There are seversl weys to produce sound with 8 lsser. The most
common mechsnisms of optical to scousticel trensduction ere, by order of
incressing efficiency, electrostriction, therms! expsnsion, surfsce

eveporstion, explosive boiling and opticel breskdown. Electrostriction is
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the result of polerizetion of molecules due to the electromagnetic input in
- the medium. The polsrization of molecules induces changes in density and
. therefore produces sound which propagates in the medium. The thermal
mechanism relies on hesting of the medium by the laser. Changes in
temperature produce changes in density and subsequently an acoustic wave.
Surfsce evsporstion may occur if the energy density of the laser st the
point of impact on the medium is sufficiently high. In this cese momentum
transferred into the medium generstes a sound wave. At even higher energy
densities, it is possible to have bubble formstion in the medium, snd the
collapse of the bubbles radistes noise. Finally, for extremely high leser
energy densities, such as in the cese of 8 focused high power laser, s very
hot plesma is formed locally sround impurities in the liquid snd “repidly
expanding cavities sppesr in the focsl region, followed by shock weve
propegaiion, cavity decelerstion, localized cavitstion, and eventus! bubble
collapse.”4 This is known 8s sound generstion by opticsl breskdown. The
esrliest experimental detections of 18ser-induced sound were reported in
1963. 3.6

in this study, we restrict our attention to the specific mechsnism of
thermal expsnsion. A sound source which relies on hesting of the medium by
o light source is referred to as 8 thermoscoustic source (TS) or

& optoacoustic sntenns. Most thermoscoustic sources are crested by shining 8

leser into 8 medium (ususlly wster). The intensity of the laser is smplitude
modulated st s fixed frequency so thet it induces 8 periodic hesting of the
medium ond therefore 8 fluctustion of density. This in turn generstes an

scoustic weve whose frequency is equal to the frequency at which the

i PRERNL SN Y
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laser intensity is modulated. The wave equstion describing the sound field
of 8 lossless medium containing heat sources was first derived by lngard.7
A few years later Westervelt snd Lerson® showed theoreticsily thet very
directive sound besms of low frequency can be achieved by exploiting the
thermoscoustic conversion of energy in water. The first experimental
verifications of the directional properties of thermoacoustic sources were
made by Muir, Culbertson and Clynch,9 who confirmed the velidity of the
theoretical model. As expected, the efficiency of the conversion of
electromegnetic energy into acoustic energy was found to be very small (of
the order of 1078) and they concluded that, “for potential applicstions of
proctical interest, (..) megawstts of opticel power would probsbly be
required in the megshertz frequency region, with gigewstts of power
required in the kilohertz region, snd terawatts of power necessary in the
low sudio band.” This low efficiency bsrrier wes investigsted in detail by
Soviet physicists end they showed!0.1.12 thst motion of the TS is
expected to significently increase the pesk amptitude of the thermoscoustic
signel, especislly for & source moving at velocities close to the speed of
sound for the medium. Such high source velocities sre essily achieved
experimentally. Since there is no physicsl transducer in the medium, drag
force snd flow noise are non-existent.

The mein objective of the present study is to investigste the basic
physicsl properties of 8 laser-induced TS and to extend the results to the
cese of 8 moving thermoscoustic source (MTS). Previous studies of MTS
heve been limited by experimental appsratus. They sre slso restricted to

ferfield radistion, and theoreticel models generally bresk down when the
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-

o
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MTS is moving st 8 velocity close to the speed of sound in the medium. The
sophisticated experimentsl apparatus used in our investigation yielded very
clesn thermoacoustic signals. The theoretical study is based on 8 new
approach which provides informsation sbout the nearfield of 8 TS and about
the acoustic signsture when the source is moving st transonic velocity.

The experimental appsratus is described in the second chapter of this
study. A detsiled onslysis of 8 stationary TS, both theoretical and
experimentsl, is presented in the third chapter. The theoretical approach is
to obtain the impulse response of 8 TS. The time domain approsch is used
because it con be very essily extended to the case of a TS moving at any
velocity, including st transonic velocity. It also yields some interesting
results sbout the neerfield. Diffraction effects due to the finite width of
the laser beam are slso discussed in this third chapter, snd the compsrison
betweeﬁ theory snd experiment is shown for pressure wsaveforms,
directivity patterns snd spresding curves.

The fourth chapter desls with thermoacoustic radiation by & moving
source, both theoretically snd experimentsily. In addition to presenting
pressure waveforms, directivity pstterns snd spreading curves, for
subsonic, transonic snd supersonic source velocities, we investigate the
dependence of the thermoscoustic sound level on source velocity.

Chapter five is an anslysis of the Doppler shift of a moving source. The
aim is to understand certain farfield spproximetions often mede in the case
of 8 transonic source. Specificslly, we derive in this chapter an expression

for the Doppler shift which is valid whether the angle of observation

between the source and the receiver is fixed or s function of time.
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The mein conclusions of this study sre given in the last chapter slong
with ideas about possible theoretical and experiments! work thet would be
interesting to develop in the future.
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CHAPTER I

EXPERIMENTAL APPARATUS

The experimentsl apperstus involved in our study of moving
thermoacoustic sources consisted besicelly of 8 high power laser, 8 mesns
of deflecting the besm so that motion of the source over 8 wster surface
could be schieved, snd & receiving snd anslyzing system. A block disgrem of
the experimentsl system is shown in Fig. 1, end 8 description of the mein
components of the system is given below. More informstion on the

experimentel apparatus can be found in reference 13.

A Leser

- The 1sser used in this study was designed snd built by Apollo Lasers.
F It is the seme lsser described in reference 14 . Figures 2 snd 3, which sre

taken from reference 14, show the components of the modulated lsser

system. The lsser hesd assembly consists of an interchsngesble rod, either
(Neodymium) Nd:gless or ruby. Optical pumping of the rod is schieved by e
flashlemp , and the wsvelength of the light emitted by the laser is 1.06 ym
(infrared) for Nd.glass and 0.6943 um (red) for ruby light. The lsser besm

is polerized in order to echieve modulstion of its intensity. The polerizing

4'.':'.' WA
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element is 8 Brewster steck in the csse of the Nd:gless rod snd 8
cslcite prism snslyzer in the case of the ruby rod. The laser cavity is

formed as ususl by s 100% reflective back mirror snd sn output front

mirror whose coating depends on the optical wavelength being emitted.
The 18ser is used in the conventionsl non-Q-switched mode so thst its

output is a series of very short (20-100 ns) Gaussisn pulses, characteristic

' e
. t e

of the normsl modes distributed ststisticslly in space and tirne. The
envelope of the laser pulse is denoted |,(t), and the equivelence between 8
modulated uniform pulse and 8 modulated series of dense random spikes has

been established in reference 9 .

MBS R T
oo (R} . PR

fn order to achieve periodic hesting of the column of water being
illuminsted by the laser besm, one hes to modulste the intensity of the

laser besm. The modulstion is achieved by 8 Pockels cell snd 8 prism

¥ .f;«“r oy
. e

~ansalyzer. The principle of the modulstion of the lsser is shown in Fig. 4 .

when 8 voltage is spplied to the electrodes of the Pockels cell, it rotstes
the plane of polerization of the light psssing through it by an amount which
is nonlinesrly relsted to the spplied voltege. The prism snslyzer is 8
polerizer with 8 fixed plene of polarization and the retationship between
the transmitted light intensity I(t) and the incident light intensity I,(t) is
given by

(1) = 1(1) sin&(wv/2v,,) (2.1)

where V is the voltage spplied to the Pockels cell snd V,, is the

.......................
........................................
......................
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half-wave voltage of the madulation system. Typical peak velues of V are
7.0 kY when using the Nd:glass rod and 45 kV when using the ruby rod. If
the voltage ¥ is chosen to be & trianguler function of time with an
amplitude of ¥, wt/m , as indiceted in Fig. 4(b), the resulting modulation

yields a transmitted intensity of the form

I{t) = 0.5 {4(t) {1 - cos wgt) . (2.2)

The smplitude modulstion of the laser intensity is expected to achieve 8

periodic heating of the column of weater being illuminated by the laser
beam, and therefore periodic changes in density, and subsequently sound st
8 frequency f0=uU/21r. The normalized envelope |0(t) of the laser intensity

in the experiment is adequately described by
lg{t) = (10.8 t/cp) exp(-5.0 t/tp) , (2.3}

where U is the lsser pulse duration. The specificstions of the modulsted
laser system are given in Table I, reprinted from reference 14 . The
sverage laser pulse duration varies between 0.75 ms and 1.25 ms. The laser

can deliver up to S joules, and in most experiments the laser besm was

e L -y ® RO AP St Ay

L LA AR ARA .vr..-‘_“l','. A R R

. ) . R

< Y ! PRI R . P 1 R
GO e | AP AN

focused so that the spot dismeter on the surface of the water was sbout
1 cm. The trisngular signal used to monitor the modulation of the laser
intensity was provided by an Exact model 126 signsl generstor, and the
modulatian  frequency fgcould be varied between S kHz and 80 kHz. The

repetition rate of the teser pulse was limited to four pulses per minute

12

............................................




Pl e

s

-

Qi AR CROy ¥ SEy LN, (X, L N1
X N L)

TABLE |
MODULATED LASER SYSTEM SPECIFICATIONS

Optical wavelength (um)

Unmodulated output
energy (J) / power (kW)

Modutated output

energy (J) / power (kW)

Pulse duration (ms)

Modulation frequency (kHz)

ceam divergence (mrad)

RUBY

0.6943

25J
25 kW

SJd
S kW

I ms

5to 80

1.7

Nd:GLASS

1.06

30J
30 kW

9J
S kW

1 ms

Sto 80
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because of the time constant needed to charge the capacitors of the laser

power supply.

B. Experimental set-up

The experiments were conducted at Applied Research Lsbaratories,
The University of Texas at Austin (ARL:UT) in its 1829 m x 457 m x 3.66 m
(60 ft x 15 ft ¥ 12 ft) fresh water tank. Figures S and 6 show the mechanical
arrangements for the experiment. The laser is mounted on 8 table nesr the
water tank. Shock mounts are used to prevent mechanicsal vibrations which
occur after the laser discharge, from being transmitted to the water. After
deflection of 900 by & total internsl reflection prism, the laser besm
passes through 8 pipe to a rotating mirror. There are three msjor reasons
for using 8 pipe on the light path: (1) it is obviously safer as far as eye
damage is concerned; (2} the rotating mirror can be mounted directiy on the
pipe rather than on the ceiling so that slignment problems are simplified;
and (3) it provides a rigid support where optical lenses can be instalied in
order to focus the laser besm to the desired size on the surfasce of the

water.
C. Rotating mirror

The rotating mirror was procured by Lincoln Leser Company. The
specificstions are given in Tsble [l. Special sttention was given to

environmental conditions such as relative humidity (77% in the tank room)

14
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TABLE Nl
SPECIFICATIONS FOR THE ROTATING MIRROR SYSTEM

PR XA

Mirror substrste moaterial: aluminum and thorium flouride

Number of fscets: 6

Circumscribed circle dismeter: 15.2cm (6 in.)

Facet width: 3.2cm (1.25in)
Facet length: 7.6cm (3in)
Surface flstness: 174 opticsl wavelength
Surfece reflectivity: 82 % st 0.6943 um -
88 % ot 1.06 ym 4
Speed of rotstion: 150 - 3500 rpm ¢+ 0.1 8
Linesr source speed: %~ Mach 0.1 to Mach 2.6

L)
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and dust accumulstion. The rotstionsl speed of the mirror wes adjustsble
between 150 and 4500 rpm so thet source velocities on the water surface
could be varied between M~ 0.1 snd M~ 2.6 , where M is the Mach number of
the source with respect to the sound speed in water. The stability of the
snguler velocity of the roteting mirror was given to be ¢ 0.1 & between 150
and 3500 rpm, ie, between M = 0.1 snd M ~ 2. In this degign the source
velocity on the weter surfsce is not truly constant becsuse the angle the
beam mskes with the water is not constent,i.e, the laser besm is not
slways perpendiculsr to the weater surface. It is estimated that the error
Av/v , where v is the source velocity, is less then 3 & st Mech 1, snd
decressed with lower Mach number. It was also estimated thst the
maximum tilt sngle of the thermoscoustic source in water was less than 80
ot Mach 1 and decressed with lower Mach number. This estimate takes into
sccount the refraction of the leser besm st the sir-water interfsce. A
detailed discussion is given in Appendix A, where it is shown that these

secondsry effects can safely be ignored.

D. Synchronizstion

The firing of the lsser must be synchronized with the sngular
position of the roteting mirror so thet the lsser beam is deflected to o
known snd repesteble position on the surface of the water. One way to know
the angulsr position of the rotating mirror is to use 8 light emitting diode
(LED) snd s phototrensistor, both combined in 8 smail reflective transducer.

When the light besm emitted by the LED is perpendiculsr to o facet of the

18
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mirror, it is reflected to the phototransistor and sn electricsl impulse of 8
few microseconds durstion is produced. When the mirror rotstes st
constant speed, the reflective trsnsducer delivers s series of short
impulses giving 8n indication of the snguler position of the mirror. Any one
of these impulses mey be delayed in time and used to trigger the firing of
the laser. A digital circuit has been designed and built in order to compute
the required time delsy to trigger the laser st the appropriste time. A
photograph of the laser rotstion firing controller circuit is shown in Fig. 7.

The menuslly controlled settings in the firing control circuit are s
set of three dip switches (DS). The input to the circuit is 8 pair of snslog
signels provided by two LED/phototransistor reflective transducers located
in the rotating mirror housing. Outputs of the firing contrel circuit include
signals from connectors labeled "T.P.A.", "OUTPUT", end “FIRE". The fire
signsl is 8 pulse of epproximstively 100 ys durstion and smplitude of
12 volts to trigger the discharge of the cepacitors used to fire the lsser.
The TPA signsl is 8 series of impulses delivered by the
LED/phototransistor. It can be used to sccurstely check the mirror angulsr
velocity end its stability. The OUTPUT signal is & single pulse of sbout 1 ms
duration, slightly delayed after the FIRE pulse. The smount of the time

delsy is monuslly controlled by the dip switch DS3 (see Fig. 7 ). The
resson for this time delsy is thst there is an intrinsic time intervel ~
between the discherge of the cepsacitor bank and the actusl lasing of the
rod. This time delsy is about 180 us for the Nd:glass rod and 340 ys for the
ruby rod. Celibration curves for vslues of the uinsry number Nygs

sssocisted with the dip switch DS3 controlling the time delsy , indicste

19
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: thet Npgz should be 101 when using the Nd:Gless rod snd 1010 when using the
ruby rod. The OUTPUT signal is intended to be used to trigger the intensity
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modulator external signal provided by the Exact signsl generstor.

’ The firing control circuit contsins two other dip switches, DS snd
DS2, thet sre msnuslly controllable. These ere indiceted in Fig. 7. The
decimal numbers associsted with DSt snd DS2 sre, respectively, Nog, ond
Nosz- These integer numbers sre used to select the initisl sngle ¥ between
the verticsl and the laser besm (see Fig. 5) at the beginning of the laser

pulse. The initisl sngle ¥ is given by
= 41200 (Ng,/N,) - 32% + (n 120) . (a4

where the "plus”™ sign is to be used when the leser besm is moving swey
from the bench snd similerly, where the "minus” sign hes to be used when
the besm is moving towerds the bench. in Eq. (2.4), n is 8 positive integer

sccounting for the periodicity of the fecets on the rotsting mirror. As an

example, if one wants to use the Nd:glass rod in such 8 way thsat the initisl
engle ¥ is zero, Npgz should resd “101°, Npgy should resd 100" (i.e, 4 in
2 decimel), snd Ny, should resd “1111° (i.e., 15 in decimal).

E. Receiving system

, The signsl emitted by the thermoscoustic source is received by o
hydrophone, smplified and filtered, before being stored end snsiyzed on s

digitsl oscilloscope which is interfsced with & msinfreme computer for

X
L N ]
Tttt




more sdvenced signsl processing.

The hydrophone used in most experiments described in this study is 8
USRD type H-56 hydrophone. This hydrophone is very sensitive (~ - 163 d8
re 1 V/uPe st 60 kHz) but its bandwidth is limited to frequencies below
100 kHz. Therefore in some cases an H-23 hydrophone wes preferred.
Calibration curves for the frequency response snd directivity pstterns of
the hydrophone (H-56) st several frequencies, 8re given in Appendix B.

The signa! received by the hydrophone was smplified by two battery
opersted Burr-Brown model 100 AC-decede amplifiers, with e cslibrated
totsl gein of 405 dB. The smplified signsl wes bsndpess filtered by e
Krohn-Hite filter. The signsl wes then transferred to 8 Nicolet 4094 digitsl
oscilloscope. This oscilloscope provides two input chennels (expsndsble to
four channels) with simultaneous 12 bit digitizers that semple st o rate of
2 MHz. The dsts is stored on floppy diskettes in the externsl disk recorder.
Special diskettes are available from Nicolet for performing valusble signsl
processing functions on the oscilloscope. For example, the rms value of &
signsl over 8 specified time intervel casn be celculsted. Similarly, programs
to compute Fourier transforms, digitel filtering, integrstion, etc. are
gvsilable. In genersl the sound level messured from sn experimentsi
weveform was obtained from the pesk-to-pesk vslues of the pressure. Also,
the Nicolet 4094 wss interfaced to the msinframe CYBER-CDC computer st
ARL:.UT vie sn RS-232 interface, so thet experimentsl dete could be
transferred to the computer snd compsared with theoreticel predictions.
The software required for such 8 trensfer consists essentislly of two

progrems, whose binery version ere cslled “NICOLT™ snd "CNVRT". The

o g v °
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program NICOLT crestes a file on the CYBER that contsins integer numbers
representing the signsl being transferred from the Nicolet to the CYBER.
Program CNVRT is used to convert these numbers into their res! values.
Note that NICOLT csn slso be used to transfer weveforms from the CYBER
to the Nicolet. More information on the procedure for dats transfer is given
in Appendix C.

in general the sound pressure level measured from sn experimens!
waveform was obtained by tsking 20 times the logsrithm bssed 10 of the

ratio of the pesk-to-pesk pressure to a reference pressure of 1 yPs.

N LT e T T e e

4
5
'J

FLOUR VSTRFATRIRADSINY L sl by M

. . “ v we -
PO SRS

s

Rt e R e

PSR PP

o oo

s

PRPAPUES PN VA ST PR NI

...............

la



I. .
e

h.'.-
ro
e
»

’l

Al

DS

s

o e o e
'-‘.'a‘n e
LI Y )

CHAPTER (11

STATIONARY THERMOACOUSTIC SOURCES!®

The sound field radisted by s stationsry thermoscoustic source is
snslyzed in this chapter by introducing the impulse response of the
thermoscoustic system. This spprosch has four mein sdventages: (1) it cen
easily be extended to the case of 8 TS moving st any velocity through the
medium, snd this will be done in Chapter IV, (2) the model is valid in the
nearfield of the source, (3) it cen be used, in principle, for any spstial and
temporal laser intensity profiles, and (4) transforms are not needed to get
time information.

In the first section of this chspter we describe the physical problem
of thermoscoustic radiation and derive the impulse response of 8 TS. The
second, third, snd fourth sections desl, respectively, with the pressure
waveform, the directivity, snd the spresding characteristics of the
redistion from a TS, both theoretically and experimentally. The last section

is 8 summary of the importsnt features of this chapter.

A. Impulse response

Consider the thermoacoustic source shown in Fig. 8. A laser besm is

shined at normsl incidence in the +z direction into san opticelly

sbsorbing medium. The hest produced by the lsser besm generates simost
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instantaneously 8 density disturbance due to thermal expsnsion which
induces 8 pressure fluctustion which is observed as an scoustic wsve. The
objective of this study is to relste in the most general way the spatial and
temporal chsractericstics of the laser to the acoustic pressure observed st
any point in the field .

Larson!® has shown thet the weve equation describing
thermoscoustic radistion is, in the cese of an inviscid and

non-hest-conducting fluid, given by
U - ¢72 gy = - (elcp) o ' (3.1)

where the subscript t denotes a time derivative, p is the acoustic pressure
generated by the thermal expansion mechanism, c is the small signal sound
speed, Cp is the specific hest of the medium at constant pressure, g is the
logsrithmic coefficient of thermal expansion of the medium, and q is the
heat energy per unit volume per unit time added to the medium. It is retated

to the laser intensity vector | by the relation
q=-V Uxyzt)> (3.2)

A derivation of the wave equation for thermsl generation of sound in 8
viscous medium is given in Appendix D. For practical reasons, we consider
the medium to be 8 liquid having s constant optical coefficient of
sbsorplion o, so thst the z-component of the laser besm intensity |

decreases with depth according to the exponentisl shading exp(-az). With a
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different absorption law, the following snalysis would still be workable,
although more complicated and not necessarily more reslistic .

When Eqs. (3.1) snd (3.2) are combined it is clesr thst the
thermoacoustic source function is proportional to the time derivative of
the laser intensity. It is therefore convenient to define the impulse

response h(t) of the thermoacoustic system in the following manner:

p(t) = h(t) * 1 (t) , (3.3)

where the asterisk denotes convolution over time. In this formulstion h(t)
contains all of the spatisl characteristics of the system st any arbitrary
range r, and l4(t) contains all of the temporal information of the source.
The spatisl characteristics of the system can be decomposed into its
vertical component (x-z plane) and its horizontal component (x-y plane). Let
us denote by h (t) and hu(t), respectively, the verticel and horizontal
impulse responses of the TS. Then hL(t) represents the response of an
infinitely narrow TS (8-0 in Fig. 8) of effective length L=1/a. Thus hy (t) is
the response of an exponentislly tapered semi-infinite line source below a
pressure relesse boundsry such as the sir-water interfsce. On the other
hand hg(t) represents the response of an infinitely short TS (L+0). In other
words, he(t) is the impulse response of 8 cross-section of the source. With

these notations Eq. (3.3) can be rewritten as

p(t) = hy (1) * hy(t) * 14(1) . (3.4)
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ALCE OO PRGN AOME AL S S I N S A A S AR S . AT A S A ST I St B I A I AT R A




It is therefore necessery to eveluste hy(t) and hu(t) in order to find the
pressure response of 8 given medium excited by a laser besm of intensity

I(t). This analysis is carried out betow.
I. Vertical impulse response hy ()

The vertical impulse response is obtsined by imagining thst the
laser beam diameter is so small thet sound coming from sn entire beam
cross section S is received instantsneously. This has the effect of setting
the horizontel impulse response in Eq. (3.4) to 8 delts function in time: he(t)

+ S 8(t). In this case the hest q is related to the laser intensity by
=-d/dz[ A I(t) e” 2] S8(x-xo) 8(y-yo) . (3.5)

where A is the coefficient of transmission of light across the interface,
and where x. and y. denote the center coordinstes of the besm. The
solution of Eq. (3.1) for 8 pressure release boundary condition at the
interface is then obtained by integrating the Green's function of the

problem aver the source volume as follows.

co

p(t) = C, J (r)y ! e 02 ly(t-rfc) dz

0
0

- ¢y J (ry}e a2 ly{t-r'/c) dz

-0




where the coordinstes 2, r, and r' sre shown in Fig. 8, snd where
? C‘=(ApaSc/41rcp). The second integral in Eq. (3.6) represents the
contribution of the mirror imsage sbove the pressure relesse boundsry.

From Eqs. (3.4) end (3.6), then, the verticel impulse response is given by

(- -]

T
. EEL AR -‘ll'

hi (1) = (C{/9) I (ry"Ve %2 §(t-r/c) dz - mirror imege , (3.7)
o

where 8(1) is the Dirac delts function. Shifting the integration varisble

from z tor, yields

h (V) =K I (r)~} e %2 §(r-ct) (dz/dr) dr - mirror imege , (3.8)
r

where K = (Apo:c/41rcp). Equation (3.8) provides 8 means for evsluating the

verticsl impulse response of 8 TS once the relstionship between the depth z

p
]
1

of the receiver and its redius of observetion r is known. Assuming that the
leser besm strikes the medium ot normsl incidence, one mey divide the
source into four regions. These ere indiceted in Fig. 9. For esch region the
relationship between z and r cen essily be found. Equstion (3.8) can then be

written in terms of sepsrete integrels over the four regions es follows.
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ro%ing,

h () =K I (1/r) 8(r-ct) expl-a(r,cosd,-s)) (-r/s)dr

To

fo
+ K J (1/r) 8(r-ct) expl-a(r coso,+s)] (r/s)dr

& rosing,

-]

F + K J (1/r) 8(r-ct) expl-alr,cosd,+s)l (r/s)dr

"o

[- -]

-K J (1/r) 8(r-ct) expl-a(-r,cosd +s)l (r/s)dr

o

(3.9)

where s = N r2—(rosin90)2.

The four integrels in Eq. (3.9) represent the contributions to the
acoustic signal from the four source regions shown in Fig. 9. However, it
is more mesningful to distinguish the srrey response by regions in time

-' rether than in space. The limits of integration indicete that the snalysis
of the impulse response should be divided into five time regimes 8s

follows.
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8) t¢ rosinoolc: In this time region, the impulse response reduces to
hL(t) =0 , (3.10)

which states that the scoustic emission from the srray hss not yet hsd
time to reach the receiver. The first disturbance emitted by the TS hes to
travei s distance rysiné, before resching the observation point. Therefore

the impulse response is identicslly zero for any time t<rysing,/c .

b) t=rgsin@y/c: This particuler instsnt corresponds to the time of
arrival of the first wavelet st the receiver. This wevelet origineted st s
distance of rgsind, from the receiver, that is to say, st s depth
2g=rocosd; below the pressure relesse boundsry. Consequently the

impulse response is simply, from Eq. (3.7),
h(t) = K (rysing,) ™! exp (-ar cose,) . (3.11)

C) rosindg/c < t <rg/c:FromFig. 9, it is obvious thet the first wevelet
which will resch the receiver emsnstes from point E. An instant lster,
wavelets emitted from boints B and C will srrive simultsneously at the
receiver. The progression continues with wavelets eventuslly coming
from points A end D. These sre sll the wavelets received during the
intervel rgsindg/c<tery/c which resulted from sound radiation et time
t=0. The disturbances coming from regions 2 snd 3 of the TS therefore sdd

by pairs st the observstion point. The only non-zero contribution to the

32




impulse response is given by the first two integrals in Eq. (3.9), which

may be evsluated to give

2K exp(-ar cosé,)

h () = cosh ( av (c)2-(r jsing)2 ) . (3.12)
A (ct)2~(r 5ing )2

d) t=rqo/c : There sre two points on the srray that sre located at 8 distance
ro from the receiver. These two points are denoted by A and D in Fig. 9.
However, the pressure relesse boundsry condition at the free surface of the
liquid implies that the acoustic contribution from paint A is null, so thst in
fact the scoustic response st time t=ry/c is simply given by the wavelet
coming from D, i.e, from the point of the source thst is located st a depth
2=2r cos8,. Equation (3.7) yields sn expression for the impulse response st

t=ry/c:

h(t) =K ro™! exp(-2ar,cosey) . (3.13)

e) L>rg/c: The disturbances emitted by regions 1 and 4 of the TS will errive
by pairs ot the observation point. In this case, however, the boundary
condition st the sir-wster interface implies that signals coming from
region | (the mirror image region) are inverted. Hence the only non-zero
contribution to the impulse response is given by the last two integrals in

Eq. (3.9). These may be evslusted to give

- r v v
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- 2K exp (- (ct)2~(rgsingy)2 )

h(t) = sinh (argcosgy) . G149
N (ct)2 - (rysingg)2

The vertical impulse response of 8 TS is therefore given by Eq. (3.158-e).

[ o fort<ty (3.150)

ke (rysingy)™! fort=ty (3.15b)

() = ¢ 2keT u! cosh(ay) for ty<tety (3.15¢)
Ke ™2 (rg)! fortety (3.150)

-2k~ e XM ginh(r) for t>tg (3.15e)

»

where tg =rg/c, ty=rgsinég/c , I = argcoséy , ond y = cJtTttz.

Figure 10 shows how the shape of h{(t) chenges os the nondimensionel
perometer " vories from 0.02 to 100. I con be regorded os the rotio of
the depth of the receiver to the effective length L = o« ! of the TS. It is
assumed in Fig. 10 thet the laser is shined into fresh water where c=1486
m/s. Note thst no ferfield essumptions were required to derive the

onolyticel expressions obove. Figure 11 is o three dimensionsl

representation of the impulse response hy (t) os 8 function of time ond [
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Figures 10 and 11 show & curious behavior for hy(t) when ty<t<ty

-
PO

During this time intervel the shape of by (t) can change drasticéllg from a

| ISP

monotonically decressing function heving 8 meximum 8t time ty=rgsind,/c, :

to 8 monotonicelly incressing function having 8 meximum st time ty=ry/c. 'j

This can be explained by looking 8t the two different effects determining

the shape of the impulse response: the exponentisl shading along the sxis of -‘

the arrsy which is due to the sbsorption of light in the medium, snd the %

sphericsl spresding associsted with each wavelet radisted by the TS. For 1
e

simplicity let us sssume first that the exponentisl decey along the depth of
the srray is much more importsnt than the sphericsl spresding. This is
expected to be the case in the farfield because the distance from esch point

from the TS to the receiver is slmost the same. Also let 2,,25,2 ond 2, be

s s v e P
IV S LPAPAPAIAD

the depths of the elementsry sources located st points A,B,C and D on the

source as shown in Fig. 9. [t csn be shown that, for sny positive «,

e U2, t=.'-“z‘> ¢ ¢ 9%, e-“zc : (3.16)

sl B e

W,

Therefore the strength of the acoustic disturbsnce coming from points B
snd C is slwsys less importsnt then the strength of the disturbsnce
originated from points A and D. Since the latter arrives at the receiver st
time t,, the impulse response hy (1) is expected to increase gredusily from
titoty

i1 PG SRR IPIDRY |

P
A At

A

Let us now sssume thet the sphericel spresding loss sssocialed with

i JRG N

esch wavelet coming from the srreay is much more importent thsn the
exponentisl shading slong the z-axis of the array. In this cese, all of the -
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elementsry sources will have opproximstely the same strength.
This case spplies to the nearfield of 8 TS. The strongest disturbance is
therefore the one which suffers the least spherical spresding loss.
Consequently it originates from the elementsary source on the array which
is the closest to the receiver. Since the minimum distance between the
source and the receiver is rysindg, the verticsl impulse response hy(t)
exhibits 8 pesk at time ty=r,sindy/c and then decresses graduslly until
to=rg/C.

ft is also interesting to note thst the impulse response h (t) of 8
stationary thermoscoustic source is very closely relsted to the half-order

derivative operator. This is discussed in Appendix E.

2. Horizontal impulse response hy(t)

The horizontsl impulse response is obtasined by imagining that the
optical absorption by the fluid is so high that the laser beam penetrates
only 8 small amount compared to tne beam diameter. Under this condition,
the vertical impulse response is set to a delta function : by (t} » (K/c) 8(t),
and the horizontal impuise response may be calculsted. Note from Eq. (3 3)
that the time derivetive operstes on the intensity, and from Eq. (3.7), thst
the mirror image of the source over the interface has slready been taken
into account in the vertical impulse response, including the constant of

proportionality. This mesns that it would be redundant to again consider

these features in ha(t). The horizontsl impulse response is thus simply
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ho= [f Nk SH-reg/cldedy ,  (317)

where |y is the normalized 1sser intensity

’ S Ix,y) 518) ;
_ |N(X,y) = ' ' J
- ” [(x,y) dx dy ‘?
3
h Let us first examine the case of 8 uniform besm of radius 8. In this
' case Iy(x,y) is equsl to unity, and following Morse’s analgsis” of the

impulse response of 8 piston, one finds, if ry>>a sing, ,

) sme0

= | 24 (esing2-y2 Slt-reg/cldy ,  (3.19)
-8 Smﬂo

or

ha(t) =2¢ ~a (8 sin 90)2 - (ro-ct)2 (3.20)

if (ro-a sin 00)/c <t< (r0+o sind, )/c, ond zero otherwise.  Similerly, in

the case of 8 Gaussian beam where 8 denotes the /e radius, one wouid find,

provided thet e sino0 ,

= het) = w72 c 6 sing exp [ -I(r -ct)/(e sing i) (3.21)

'v.v
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O
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if (rg-e singy)/c <t <(r,+s singy)/c, and zero otherwise. It cen be verified

thet

Lim
3 sineofro -0

[helt 1= w82 §(t-ry/c) (3.22)

Equetions (3.20) end (3.21) provide expressions for the horizontsl
impulse response in anslyticel form for either s uniform or & Gaussisn
intensity shading across the lsser beam. The spstial extent of the source
induces & frequency filtering which mey be found by teking the Fourier
transform of hg(1). For & uniform intensity distribution across a section of
the leser besm, the frequency filtering hss & Bessel cheracteristic of the
form 2Jy(ke sin8y)/(ke sinfgy) and for the cese of the Goussisn distribution,
it tekes the Goussion form exp [-{ke sinfy/2)2). The frequency filtering
associoted with diffraction due to finite laser beamwidth is therefore o

low poess filtering, or 8 smoothing in the time domsin.

B. Pressure waveform

I 2B S a4

in this section we present results obteined using the impuise

response technique previously described to predict the pressure waveform
redieled by o TS. The double convolution of Eq. (3.4) is evelusted
numerically. It is then used to evsluste the cose of an unmodulated TS. The

results in the ferfield limit sre compsered with anelyticel predictions
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derived by Lysmshev snd Sedov!D in their review psper on thermoacoustic
sources. The anslyticsl predictions sre slso compsred to experimentsl
results.

Consider 8 thermosacoustic source of the sort discussed previously.
For simplicity we assume that the laser intensity is not smplitude
modulsted and that the finite beamwidth effects sre negligible, ie., that
ha(t) » S 8(t). To facilitate comparisons with experimentsl dats, we will
sssume thet the laser pulse shape matches the measured pulse shape, which
is adequetely described by Eq. (2.3). Using Egs. (3.22) and (3.15) in Eq. (3.4)
leads to 8 straightforwsrd numericsl computation of the pressure received
at 8 specified location as 8 function of time.

Figure 12 shows the evolution of the predicted pressure waveform
received in fresh water st the observstion point 8s the nondimensionsl
peramefer I changes from 200 to 0.2. The position of the receiver is kept
constent (ry =4 m, 0y = 600) so that the varistion of [ corresponds in fact
to 8 veristion of the effective length L = o' of the source from 1 cm
(short source) to 10 m (long source). The pulse durstion was set to 250 ys.
The sharp pesk in the acoustic response cbserved in Fig. 12(s) is due to the
fect thet the lsser pulse described by Eq. (3.22) has 8 discontinuous time
derivetive st t=0. The negstive pressure pulse which sppears for sl] velues
of [ in Fig. 12(s)-(f) efter the retsrded time ry/c cen be explsined by the
effect of the pressure relesse interfaece between air snd water. As shown
in the figures, the pressure weveform brosdens snd changes substantially
in shape 8s the source length incresses. In the case of 8 very long source

the pressure weveform is seen to begin 8t time ty= r, sindy/c rather than




4

(e (I
- .

P RE S S URE

Z ED

N O R M AL

Phaty - e e et e TN R - . " LAYl - L e e ke “thily - - P -
*15 T T T *1.5 T 1 T T
l_ =200 _| | r=40 _
- - — -
ro/c rp/c
- ] 1 ] - | | i 1
1577 321 5777 321
(a) (b)
+1.5 T T T +1.5 T I T T
| ro/c r=6 | - "o/c r=3 _|
T Sin 6,/c
- . B I
R ] 1 i - ] I ] !
1527 32 227 321
(c) {d)
+15 T T T +15 T T T T

fo Sin 8,/c
- 1 1 1 . ] i ] |
l'52.27 v i) "52.27 321
{e) TIME -ms f

FIGURE 12
PRESSURE WAVEFORM AS A FUNCTION OF T = arycos 6,
FOR A STATIONARY UNMODULATED LASER PULSE
(tg =4 m; G, = 60°; 7, = 250 usec)

ARL UT
AS-84-784
YHB - GA
9-5-84

ol vl Sl I g N A

.
.
.
.
'
-
A Y




OAFIOOL . LT

the time ty=ry/c as it would in the case of & short source. This result
sgrees with the snalysis presented in Section lL.A.1.

Lysmshev and Sedov!8 heve shown thet in the farfield, the pressure
waveform radiated by s TS is proportions! to the second time derivative of
the laser pulse intensity provided the length of the srray is very smail
compared to s typicsl acoustic wavelength.‘g The resson the pressure
response is proportions! to the second time derivstive of the laser
intensity is explainable in terms of the impuise response spprosch. As
shown by Fig. 10, the impulse response of 8 very short source tends to
behsve like the time derivative of 8 delts function centered at time t;. The
physicsel cause of this behavior is the pressure relesse boundsry between
the air and weter. From Eq. (3.3) it then follows that the pressure is

proportional to
8¢ (t-rg/c) * Ii{t) = lyy{t-r/c) : (3.23)

Figure 13(s) shows 8 comparison between the impulse response
approach and Lyamshev and Sedov's predictions for the sound pressure of 8
short thermoacoustic source. The comparison was made for 8 modulation
frequency of 5 kHz, 8 1aser pulse duration of 1 ms, and for I=100. The laser
intensity wes described by Eqs. (2.2) and (2.3). As shown in the figure, the
numerical and ensiyticel predictions for the short source case sre in
excellent agreement.

The case of 8 long and narrow TS has slso been studied by Lysmshev

and Sedov!8 in the special case of farfield raediation. Their results show
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that under these conditions the pressure waveform appears to be simply
proportionsl to an inverted laser pulse. 20 As indiceted by Fig. 13(b),
the convolution technique produces, as predicted, s pressure proportions!
to an inverted laser pulse.

An experimental investigation of thermoscoustic sources wes
corried out inthe fresh wster tank st ARL:UT . The 1asing element of the
opticsl system was a Neodymium:Glass rod producing infrared light st 1.06
um in the conventionsl non-Q-switched mode. At this optical frequency the
sbsorption of light in water was measured to be 13.7 Np/m. Determinations
of the opticsl coefficient of absorption « are reported in Appendix F. More
information on the 18ser apparatus is given in Chapter (.

Figure t4(s) shows a typical acoustic signal recorded on the digital
oscilloscope. This waveform was obtained under the following conditions:
ro=05m;8,=75%;8=05cm;a =137 Np/m; ;=35 kHz (f =w,/2m);
tp = 1.2 ms, [=1.77. Figure 14(b) shows the waveform 8s predicted by the
theory described previously. In the computer prediction, 8 Gsussisn
intensity distribution across the laser besm was assumed. The besm radius
was very small compsred to the main acoustic wavelength ).0=c/f q. 8nd thus
the laser besmwidth had little effect on the resulting pressure waveform.
Figure 14 shows that ressonsble sgreement between the theory snd the
experiment is obtained. A better fit could easily be obtained by sitering the
envelope constants for the laser intensity (see Eq. (2.3)). This did not seem
sppropriste, since these constsnts heve been determined by sversging
the envelope over seversl laser pulses. The discrepancy is sttributed to the

fact that the laser pulse envelope was not very repestasble. It wss also
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noted that the rise-time of the experimentsal pressure waveform was often

shorter thsn the predicted one. It shows sgain the inherent non-stationarity
of the laser pulse.

The acoustic pesk signsl shown in Fig. 14(a) was measured to be
122.8 dB re 1 yPs. This level is obtsined by taking 20 times the logsrithm
based 10 of the pesk to pesk pressure divided by the reference pressure. it
slso tekes into sccount the directions! characteristics of the hydrophone
(see Appendix B), the gsin of the smplifier, and the loss through the
bandpsss filter (30-40 kHz). The predicted pesk level can be found from
Fig. 14(b) to be 123.1 dB re 1 uPs. This remerksble agreement between
theory and experiment is certainly fortuitous because it was found that the
average difference between experimentsal levels snd theoretical levels is
sbout +4.6 dB. In general, our numerical predictions underestimste the
acoustic levels obtained experimentally, but are within a reasonable margin
if we consider that the intrinsic properties of the 18ser pulse, such ss its

shape, its energy and its duration, vary significsntly from pulse to pulse.

C. Directivity patterns

The impulse response described previously provides 8 meens of finding
the directivity characteristics of a thermoscoustic source. This is due to
the fact thst all the directionsl charscteristics of the system are
embedded in the impulse response of the system, snd therefore one cen
relste the directivity psttern to the impulse response by & simple Fourier

transform. Let us denote by H(w) the frequency respanse of the opteaceustic




system. Then, using FT to denote the Fourier transform,
H@) = FTIRUI = FT [hy() * ()] = Helw) H () ,  (3.24)

where Hy(w) 8nd H| (w) denote, respectively, the Fourier transforms of the
horizontsl and verticel impulse responses hy(t) and h (t). The directivity

pattern st 8 given frequency @ is then simply

Il H(6;0) Il
[ H(ON;U) [

where 6y yields the .ximum velue of H(8) st the frequency w, 8nd the
double verticel bsrs indicete the modulus of 8 complex qusntity. The Fourier
transform of hy(t) is obtained directly from Eq. (3.21), end in the cese of o
Gaussian besm, it gives

Ho(w) = S exp [ - (ke sin 80)2/4 ) , (3.26)

where k =w/c is the scoustic weve number. Similerly one cen find the
Fourier trensform of h (t) from Eq. (3.15) . It is convenient to use the
identity?!

t-r/c ®©

[ to-02-/002 60 - | fiitrcoshuelas . (327)

-0 o

By wey of Eq. (3.27), the Fourier transform of hy (t) can be expressed 8s

...................
....................

-----
......




Y
H (@) = K, I cosh(Y sinh u) exp(-in cosh u) du

LY J exp(-y sinh u) exp(-in cosh u) du , (3.28)
Uy

where Ky = Aga el /2mc,
Ko = Agd sinh(l) / 2cy,

ug = An [(1+cosy)/sing,l

’

Y = drgsing,

’

= arycosé,

n = krgsing ,
and we sre considering only sngles & such that 0 ¢ 8 ¢ w/2 This
expression is not easy to integrate sanslyticelly but mey be essily
evaluated numericslly. In most practicsl cases the besm radius is very
smsll compared to an scoustic wavelength so that hy(t) » S 8(t) or
Halw) » S is 8 good spproximation.

Figures 15(s)-(c) show the result of the numericsl computstion of the
directivity pettern of s TS 8t three radii of observstion:roof 1m, 2 m,
snd 3 m (ie., for velues of r‘/tzose0| of 5, 10, and 15). The modulstion
frequency was set to 10 kHz and the optical absorption coefficient was
S Np/m so that the effective length of the srray wes 20 cm. Figure 15(s)
shows that sidelobes exist in the nearfield of 8 TS. As the receiver moves
into the farfield, the sidelobe structure tends to dissppesr snd eventuslly

the computed directivity reduces to the ususl farfield snalyticel form
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described by Lysmshev and Sedov: !0

206 Cos@® :

1 + 62 c0320

where 6 = k/d is & measure of the length L of the array in terms of on
acoustic wavelength A.

Figure 16 shows the predicted directivity patterns for different
wavelengths when the radius of observation and the source length are held
constant. The figure shows that by decressing the number of wavelengths
along the length of the source (i.e, for ¢ decreasing) , one decresses the
number of sidelobes and increases the angle of tilt of the main lobe away
from the interface. Also the half-power beamwidth angle increases
drasticelly so that the end result is @ dipole type of directivity as
expected from & very small source (relative to a wavelength) radiating on
8 pressure release interface.

Figure 17 shows the computed directivity when the length of the
source varies while the distance of observation ry ond the rmodulstion
frequency f, are kept constant. Since we have assumed an exponentisl law

of absorption of light in water, with an optical coefficient of abisorption

o (see Eq. (3.5)), the quentity 1/a represents the depth at which the
intensity is attenusted by o factor 1/e. Again the number of sidelobes and
the angle of maximum emission decresse with 6, whereas the half-power
beamwidth increases when ¢ decreases. It is also interesting to

note thet the neorfield directivily is not simply dictated by the

S1
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nondimensionsl persmeter o6=k/a, 8s in the farfield cese, but
independentiy by k 8nd « .

Figure 18 shaws the nearfield effects on the half-power beamwidth
8y 8 8 function of distance ry and plotted for seversl srray lengths. As
mentioned previously, 6, decresses with 6. For large values of rg, 6,0
reduces, as expected, to its ferfield estimate, which cen essily be
obtsined from Eq. (3.29). In the farfield, 8,, reduces to

6 = C0s™ I (2 -1)/6] - cos™I[ (42 +1)/6} . (3.30)

It is slso interesting to note thst, for 8 given source length, 6, goes
through 8 minimum st & certain distance rg on4. This may be of practicsl
interest for applicstions where angulsr resolution is more important then
long range propagstion.

Figure 19 shows how the nesrfield sffects the angle of maximum
radistion 8,4y, for different srrsy lengths, 8s s function of distance.
Again, for large values of ry , 8may reduces to its farfield limit, which

cen be evalusted from Eq. (3.29) to be
Bax = COS™1(1/6) . (3.31)

Note that Figures 18 and 19 can be used to define 8 ferfield criterion.
Experimentsl dets were obteined for 8 modulstion frequency of
35 kHz, with a = 13.7 Np/m, st 8 radius of observstion of 0.50 m. (Seme

experiment 8s the one reported in Fig. 14). Infrared light of optical
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wavelength of 106 uym woes shined into fresh water (c=1486 m/s).

The pulse length was of the order of 1 ms. The receiver wsas an H-56
hydrophone of sensitivity -171 dB re ! V/uPa at 35 kHz. The verticel
directivity psttern of the transducer H-56 (see Appendix B) wes teken
into account in the anslysis of the directivity of the TS. The signsl was
emplified and filtered before being stored in 8 digitel oscilloscope. For
each waveform, the rms pressure was computed numerically and yielded o
value for the sound pressure level in decibels. The rms pressures were
aversged over seversl pulses. The compsrison between predictions bssed
on Eqs. (3.24)-(3.28) and experiment is shown in Fig. 20. Good sgreement
between theory and experiment shows again thst the impulse response
opproach is very well suited for describing the neerfield of o

thermoacoustic source.
D. Spreading curves

It is known that, in genersl, the sound level dependence on distence,
or spresding curve, is just 8 function of the geometricsl dimensions of
the scoustic source in terms of the scoustic wavelength. Thus, the sound
level dependence on distance, denoted by Lw(r), can be found at a given
frequency @ by taking the Fourier transform of the impulse response of

the TS. This can be expressed in 8 fashion similar to €q. (3.25),
i H(w,r) |l
Lm(r) = 20 Log‘o ’ (3.32)
I H(w,r) i Forpof
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where H(w,r) is the Fourier trensform of h(t), which is velid in the

LW o 2% 3N oW e 4
£ ' &

nesrfield.
The spprosch for finding L,(r) is thus similer to the one described in ]

the previous section for finding the nesrfield directivity  D(6).

A

Experimental results presented in Fig. 21 show the spresading cheracteristic ,
i of o ststionary thermoacoustic source. The psrsmeters associsted with ‘
Fig. 21 are 4, = 840 | fo = 35 kHz, and a=13.7 Np/m. In both theory and

experiment, the sound level seems to decresse at & rste of 3 dB per

doubling of distsnce until 8 range of sbout 1.5 m, after which the slope
incresses to s velue of 6 dB per doubling of distance. The resson for the
change of slope is that, in the nesrfield, the TS sppeers to be essentislly s
cylindrical source, wheress in the ferfield, sphericel spresding obviously
predominstes. The transition between cylindricel and spherics! spreading
may also be used ss 8 practicel estimste of the Rayleigh distsnce of the
thermoacoustic source. Another wey to see the transition is to look at the
directivity petterns in Fig. 15. As ry increeses, the msjor lobe moves
towerd 84°. Thus the tendency towsrd 8 6 dB slope is psrtly neutralized by
the progression up the mejor lobe towsrd its pesk. This srgument implies

thet st same sngles the slope might exceed 6 dB in the nesrfield. "

. Conclusions 4

The sound field rediated by & thermoscoustic source has been

investigsted both theoreticelly snd experimentsily. The theory is based on &

time domasin spproech. It shows thet the scoustic pressure radisted by the
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thermsl mechanism is a convolution of the impuise response of the system
with the thermoscoustic source strength (time derivative of the laser
intensity). Although the convolution has to be performed numerically in
most prectical cases, it offers seversl adventages: (1) it can be used to
investigate the case of 8 moving thermoscoustic source, (2) it is valid even
in the nearfield of the source, (3} although we have restricted our snslysis
to the most spplicsble case of 8 laser beam of Gsussian cross-section
intensity distribution with 8n exponentiasl shading slong the beam
penetration sxis, the model presented here can easily be extended to sny
leser intensity temporsl or spatisl profile, snd (4) this approach does
not require transforms to get time information. Furthermore, the impulse
response of 8 thermoacoustic srrsy mey provide insight into seversl
thermoscoustic transient phenomens such 8s extremely short 1aser pulses,
shock waves induced by 8 laser source moving st trensonic velocity,
pressure waveforms redisted by lightning, or even cosmic rays entering
the ocesn.

The validity of the theoretical model was tested by an experimentsi
investigation of thermoscoustic pressure weveforms and directivity
patterns. Results seem to indicate thst in the nesrfield, the acoustic levels

msy be quite different from those predicted by s farfield theory, snd that

sidelobes cannot be neglected in 8 nesrfield directivity psttern. in genersi,
experimental results were in support of the theoretical predictions in both

farfield snd nesrfield ceses.
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CHAPTER IV

MOVING THERMOACOUSTIC SOURCES22

in the previous chepter, we snslyzed in detsil the scoustic field
redisted by & stationsry thermoscoustic source. The objective of this
chapter is to extend these results to the cese of 8 moving source. As
mentioned esrlier, the msjor resson for studying moving thermoacoustic
sources (MTS) is thet they sre expected to produce substentislly higher
acoustic levels when the source is moving st a velocity close to the speed
of sound in water.

In the first section of this chepter, we present the theory that will
be used to predict the properties of the acoustic field of an MTS, even in the
nesrfield of the source. The theory is bssed on the impulse response
described in Section (I1.A.

Then, in the second section of this chepter, we proceed to snalyze
successively pressure waveforms, directivity pstterns, sound pressure
level dependence on source velocity, and spresding curves. Compsrisons
between theory and experiments sre made for subsonic, transonic, snd
supersonic source velocities.

The last section of this chapter summarizes the main conclusions of

this chspter.




A. Theory
1. Pseudo-convolution

The pressure signal radisted by the moving thermoacoustic source (MTS)
may be constructed in 8 three-step procedure as follows. First, the motion
of the source is decomposed in time. As in 8 movie, 8 "picture” is tsken at
constant time intervsls At, showing the laser besm at different positions
slong its path during the 1aser pulse duration T The geometry associated
with an MTS is shown in Fig. 22 . Second, for each of these positions
(defined by the subscript i in Fig. 22) the impulse response h;(t) and the
corresponding elementsry pressure response p;{t) ere evslusted
numerically from the =nslysis presented in Section I{l.A. Third, the total
pressure py(t) received st the hydrophone ic obtsined by adding all the
elementsry acoustic responses p;(t) with the suitable time delays
corresponding to the motion of the source. Note that this approach is in
principle aiso suitsble for a8 source moving with 8 nonuniform velocity
along its path. However in the following anslysis it is sssumed for
simplicity thst the source is moving st 8 constant velocity v. This madel
also assumes that the laser beam remains slways perpendicular to the
water surface. This assumption is discussed in Appendix A.

The first step in the snslysis is to discretize in time and space
the motion of the source so that the problem can be snalyzed
numericslly. Given that tp is the laser pulse durstion snd At the time

increment, the motion of the source is represented by N pictures taken
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every At seconds, such that N=tp/m .For 8 source moving rectilinesrly st
constant velocity v, i At represents the time teken for the laser to move
from the origin to the position shown on the i-th picture. The second step is
to compute for esch of these positions the elementsry acoustic pressure
radiated by the source when it was at the position shown on the i-th
picture, that is to ssy, after 8 time delsy i At. The 1aser source intensity st
that instant is simply I(i At} snd the impulse response h;(t) can be
evaluated from Eq. (3.15). However it is importsant to reslize thst the
impulse response is a function of the position of the source because the
distance sand the angle between the source and the receiver are time
dependent in the case of 8 moving source. Let us denote by rj and 8; these
coordinstes. It can easily be shown that

142
ri= [ rg2-2rg(viAticose, sineg + (viat?2 ] (41

and
8; = cos™! (rycos 8y / ry) , (4.2)
where r, 6, and ¢, refer to values st the origin of the motion of the
source (t=0). The impulse response hi(t) is therefore given by Eg. (3.15)
where the coordinates r, and 6, have been replsced by r; and 6; using
Eqs. (4.1) and (4.2).
The elementary scoustic pressure pi(1) is then computed as follows.

Equstion (3 3) shows that the optoscoustic source strength is propartionsl

to the time derivative of the laser intensity. The i-th picture therefore
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shows 8 line source excited by an impulse of strength I'(i At) during s time

At , and thus the elementary acoustic pressure p;(t) is given by
pi(t) = I'(i At) hy(t) At , (4.3)

where the prime denotes 8 time derivative.

The third step is to add all the elementary acoustic pressures p;(t)
redisted during the motion of the source, taking into sccount the time delay
iAt tsken by the source to travel from the origin (t=0) te the i-th position.
This gives the total acoustic pressure py(t) rediated by the thermoacoustic

source during its motion:

N
pr(t) = . pilt-iat) At (4.4)
i=0

Combining Eqs.(4.3) snd (4.4) gives

N 5

() = 3 1Ay nlt-ian At . (45) 3

i=0

-

"

]

Equation (4.5) shows thet the totsl pressure received at the observation :
point is & convolution type summation in the time domein between the ,_s

"unstesdy” (chenging shape with time snd distsnce) impulse response hi(t)
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and the optoacoustic source strength di/dt . Note that in the cese of &
stationary source, the shape of the impulse response remains constant and

the acoustic pressure pT(t) is 8 true convolution between the impuise

response snd the time derivative of the laser intensity.

} In the above results laser besmwidth effects have been neglected.
i They become, however, very important when the scoustic wavelength is of
g the order of the laser beam dismeter, and this is alwsys the case when the

source is moving at velocities close to transonic. In order to have 8 model

E velid for any source velocity, it is therefore necesssry to tske into
X account laser beamwidth effects. This is the object of the next section.

2. Laser beamwidth effects

it was shown in Chapter Il (see Eq. (3.4)) that laser besmwidth
' effects csn be accounted for by a convolution involving the impulse
responce hy(t) of 8 cross section of the laser beam. This impulse response X

is defined ss the time response at the receiver to an impulse of heat

applied st a specified depth and over an sres corresponding to the laser
besmwidth. If ry>> 8, where a is the lsser besm radius, then
he(t) = M2 c 8 sing, exp { -[ (rp-ct)/(a singg) 12}, (3.21)
where we have assumed thst the intensity distribution across a section of

the lsser besm is Gaussisn. This last equstion has been derived previocusly

in Chepter (1. The effect of the finite seamwidth of the laser may be
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thought of 8s introducing many infinitesimally thin line sources into each
“picture” of the source st time t. This effect may be included
msthemstically by convolving the cross-section impulse response with
py(t). The result is an induced smoothing of the pressure waveform thet is
8 low-pass filtering in the frequency domsin. The frequency filtering Hy(w)
associated with lsser beamwidth effects may be obtsined by tsking the
Fourier transform of hy(t). It is necesssry to note, however, that in order
to account for the motion of the source, the main wave number ky=wg/c of
the scoustic radistion must be replaced by its Doppler shifted version
kg = Ko/D = kg/l1-Msing caseyl, where D is known as the Doppler fsctor.
(The sing,cosé, term in the Doppler shift correction is due to the fact that
the receiver sees an appsrent velocity that is different from the sctusi
velocity of the source which has Mach number M=v/c. This was first noticed
by Doppler23 in 1842). The result is

Ho(@) = 82 sin28y exp [ -(kg 8 8ingy/2) . (46)

it should be understood that in the case of & moving source, the
coordinates of the source ry and 68, are time dependent, so that in fact
Eg. (4.6) is an approximation to the resl frequency filtering associsted with
finite 1sser besmwidth effects. Since these effects sre usually small, it
seems unnecessary to get sn exact and much more compliceted expression
for Ha(w), and therefore Eq. (4.6) is expected to yield good results provided
that finite l1aser beamwidth effects are relstively smsll. When the source

is moving at velocities close to the speed of sound in the fluid, the Doppler
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shifted wsavelength characteristic of the scoustic radistion shrinks to 8
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value very small compsred to the besm radius s , thus genersting very
significant diffraction effects. In this case the approximation that
diffraction effects are small breaks down. The finite beamwidth effects
near transonic velocity will be discussed lster in more detail. _

The time domain spproach used to predict the pressure waveform 7
radiated by an MTS is perfectly suitable for 8 numerical computation and
the theoretical predictions obtained with this model will be discussed in

the next section.
3. Numericsl predictions

Some typical predicted pressure waveforms radiated by 8 moving
thermoscoustic source are presented in Fig. 23. These waveforms were
obtained by computer simulstion, using the impulse response approach
described sbove. The computer program used for these simulstions is given
in Appendix G. These predictions were made for some reslistic values of the
important parsmeters:ry=4m,8,=750,4,=00, o = 13.7 Np/m (Nd:Glass
laging wavelength of 1.06 um in fresh water), 8=0.5 cm, ;=7 kHz, =1 ms,
and ¢ = 1486 m/s. The Mach number of the source M = v/c was varied from Q

to 1.5.

Figure 23(s) shows the pressure waveform observed st the receiver

L et

LAY}

when the source is stationsry. There is a periodic nasture to the response
due to the modulstion of the intensity of the laser pulse and & roughly

exponential decay in the smplitude due to the decay in the laser intensity.
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Figure 23(b) shows the acoustic response when the source is moving
st M=0.5. Clesrly there is & time compression of the acoustic signsl

observed st the receiver, i.e, sn incresse in amplitude and frequency. This

is 8 typical effect of the Doppler shift which occurs for moving sources.
One important adventage of the time domain approsch used in the numerical
b computstion of the pressure waveform is that the Doppler shift is
. implicitly tsken into sccount by the time delays of the pseudo-convolution
(see Eq. (49)); therefore the Doppler shift appesrs naturally snd it is velid
b even if the source is moving at transonic velocity. A detsiled snalysis of
the Doppler shift associsted with 8 maving source of finite length may be

found in reference 24. To & first approximation the Doppler factor D seen
b by the receiver in Fig. 23(b) is (1-Msin8,cos¢4) = 0.517 so that the Doppler
: shifted frequency in Fig. 23(b) is about fy=f,/D = 13.5 kHz. This is in good

agreement +sith the Doppler shifted frequency of 13.6 kHz messured from

Fig. 23(b).
r Figure 23(c) shows the pressure waveform observed st the receiver

when the source is moving st 8 velocity such thet Msingdg cosey =1,

i.e, so that the receiver perceives the source to be moving st Mach one. In

O | NI

¢ this case, the Doppler factor D goes to zero snd subsequently the Doppler ]
shifted frequency goes to infinity so thst the Doppler shifted wavelength »
goes to zero. This means that in the transonic regime, diffraction effects Y;
due to the finite width of the lsser besm will be important. Fig. 23(c) R
shows that the received pulse is extremely short (of the order of the ‘1
transit time 28/c across the laser besm dismeter) and there is therefore :i

no periodic structure in the pressure waveform but only & strong inverted
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pulse whose shape depends mainly on the intensity distribution across 8
section of the laser beam. This is discussed in more detsil in Appendix H.
Note also that, as predicted by Eq. (4.6), 1aser besmwidth effects limit the
smplitude of the pressure response when the source is moving at transonic
velocity. Previously reported results which describe the pressure field of
an MTS in terms of the pressure field of 8 stationsry source compenssted
by s Doppler shiftD= (I-Msineocosoo) predict an infinite smplitude for
8 source moving at Mach one becsuse they have not included the fact that
the angle from the source to the receiver is locstion dependent, and hence
have used s poor spproximation to the Doppler factor.

Finslly it is interesting to note in Fig. 23(d) thst the time sxis seems
to be inverted. This effect is sometimes referred to as time inversion and :
it occurs when 8 source moves towsrd the receiver faster thsn the
disturbences it generates. In such an event, the first sound wavelets to be
observed by the receiver will be those excited last. This effect has been
known for more thsn s century. Ragleigh25, for instence, explains how a
musicsl piece plsyed st Mach two, cen be heard "in tune, but plsyed
backwerds™. Note also thst the predicted Doppler shifted frequency in

Fig. 23(d) is 16.0 kHz which is in good agreement with the Doppler shifted -

T"",

frequency predicted by f4 = {,/0 = 15.6 kHz.

M

B. Experimental results

The experimental results presented in this section sre grouped into

K IS e

four cetegories: pressure waveforms, directivity pstterns, sound level
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dependence on source velocity, snd spreading curves. The experimentsl

procedure was described in Chapter (.
1. Pressure waveforms

The pressure waveform radisted by 8 thermoacoustic source moving
ot Mach 1.6 is shown in Fig. 24. In both cases the pressures are normalized
to one at their pesk velues. The vslues of the psrsmeters relevant to
Fig.2d 8re:rg=4m,b8,=280%, ¢,=0°, f,= 35 kHz , end 1 = 0.8 ms.
There is fairly good sgreement between the theory (Fig. 24(s)) snd the
experiment (Fig. 24(b)). Note thst time inversion does occur st such 8
supersgonic source velocity, and it is very clesrly observed experimentsily.
The slight discrepsncy (93 us) between the predicted and experimentsl
values of the arrival time of the scoustic pulse st the receiver is
attributed to the fact that the time delay between the discharge of the
laser flashlamp and the sctusl lasing of the rod (sbout 180 us) was not
perfectly constant so that the initisl coordinstes r, snd 6, of the
thermoacoustic source were known within only s certeain sccuracy.

Next we turn our sttention to the pressure waveform when the
source velocity is such that M singycosé, = 1. Figure 25(s) shows the
results of three different theoreticsl prediction schemes. The solid line in
Fig. 25(s) represents the prediction obtsined from the numericsl snslysis
presented in the first section of this chapter. The long deshed line in the
seme figure weas obtsined by using 8 simplified approsch which s

described in Appendix H. In this approsch, the pressure waveform can be
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spproximated by the second time derivstive of the impulse response of 8
cross section of the laser beam. The third curve (short deshed line) in
Fig. 25(a) represents the analyticsl prediction of Lysmshev and Sedov given
by Eq. (5) in Ref. 26. The values of the psrameters relevent to Fig. 25 sre
rg=350m, 85=800, ¢,=00, M=103, fg=20KHz, and tp=0.8ms.

T - ———— Pt e S - ; .
LA RS '.'r'r‘:i_-’g"' } AN
RERER et OSSN S E L ARELEN

= The three curves in Fig. 25 have the same main festures: an
exponential growth, followed by 8 strong inverted pulse and an exponential

decsy. The exponentisl growth is characteristic of the srrivel at the

receiver of wavelets coming successively from 8 depth z;,=r,cosé, to 8 zero
depth st the sir-weter boundsry. The inverted nature of the strong pulse is
characteristic of @ pressure relesse boundsry condition st the sir-water
interface. The exponentis! decsy is the result of the exponential law of
absorption of light in weter. The last wavelets srriving st the receiver
come from the furthest points on the column of water being illuminsted by
the laser and therefore they have very low intensity.

Figure 2S(b) shows an scoustic pulse recorded experimentsily in 8
Mach wave. There is an oversll agreement with the theoreticsl predictions

given in Fig. 25(s) although the result shown in Fig. 25(b) has a higher pesk

efter the inverted pulse and shows more high frequency content. The pulse
was recorded by sn H-23 hydrophone, smplified by 40.5 dB end filtered
between | and 200 kHz. The beam radius on the surfsce of the water was
sbout 7 mm, end the corresponding pesk sound level was messured to be
about 142 dB re | uPs st 3.50 m from the source. The ssymmetry in the
experimentsl waveform is attributed to nonlinesr effects. It hss been ;

shown2’7 thet nonlinesr effects sssocisted with the tempersture
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dependence of the thermodynsmic coefficients (g,c,) ceuse 8n incresse in
the tail of the received signal. This is due to the fact that the hesting of the
medium being illuminated increases the coefficient of thermal expansion
and, consequently, the efficiency of the conversion of electromagnetic

energy into acoustic energy.
2. Directivity patterns

Next consider the directivity pattern of an MTS in the k-2 plane. It is
important to note that the motion of the MTS induces s varistion of the
angle of observstion between the source snd the receiver, and hence 8
varistion of the Doppler shifted frequency, so that the received frequency
is in fact a function of source location. The directivity pattern of sn MTS is
not therefore given at a single frequency but rather in 8 frequency intervat.
The smsller the ratio Mcw:p/rU , the smsller the frequency interval. It is
therefore necessary to define the concept of directivity for a moving
> source. In our study 8 directivity pattern is a plot of the sound pressure

- level as 8 function of the angle of observstion between the source and the
F receiver, at the origin (time t=0) of the laser pulse. in other words, all the
1

parameters such 8s madulation frequency,laser puise duration, and initisl

distance of observation, are kept constant in a directivity pattern. The only
parameter sllowed to change is the initial angle of observation 8, , in the

case of a8 directivity pattern in the vertical plane, and ¢, in the case of 8 X

2, T e

directivity psttern in the horizontal plsne. The frequency content of the

received signal is therefore allowed to change (sometimes drastically) in
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the ssme directivity psttern. The sound pressure level is obtained by teking
20 times the logarithm based 10 of the ratio of the pesk-to-pesk pressure
signal received at the hydrophone to 8 reference vaiue of 1 uPa. It should be
noted thst the shape of the directivity pstterns does not change
significantly when rms pressures 8re used instesd of pesk-to-pesk
pressures. A directivity pattern defined in such 8 way is very practical
from an experimentsl standpoint, since it gives sn estimste of the sound
pressure level versus angle under the same opersting conditions of the
laser.

The verticsl directivity of thermoscoustic source is shown in Fig. 26.
The theoretical curves were obtained by running the numericsl progrsm
described previously, over seversl values of the sngle 8, The other
parameters wererg= 3 m , ¢, = 09, a = 13.7 Np/m, and o= 0.8 ms. The
circles represent experimental measurements. The left-hand directivity
pattern in Fig. 26 was obtained with 8 ststionary source modulated at 35
kHz while the right-hsnd one was obtained for 8 source moving at Mach 1.6
snd 8 modulstion frequency of 25 kHz. The experiment confirms thst even
though the modulation frequency wes lower for the moving source, its
directivity turns out to be sharper than thst of the stationsry source,
becsuse the received Doppler shifted frequency is grester than f, by the
Doppler fsctor. The half-power besmwidth was measured to be 119 for the
stationsry source snd 7% for the moving source. This agrees well with the
predicted respactive velues of 110 snd 69. Although the source sppesrs at
first glance to be o brosdside srray whose main lobe should be st 8, = 90°,

the presence of the air-water interface produces a tilt in the lobe so that

py
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there is no pressure at the boundary. The tilt angle for the main lobe was
measured to be 840 for the stationsry source and 869 for the supersonic
source. Again this confirms the validity of the madel which predicts 639 in
the first case and 859 in the second.

Two experimental directivity pstterns in the verticsl x-z plane of an
MTS moving at Mach one sre shown in Fig. 27. The laser intensity was
modulsted st 25 kHz and 35 kHz respectively for the twao directivity
patterns, and in both cases the initisl coordinstes of the MTS werery=4m
and ¢, = 0Y. The two curves sre very similsr which confirms the fact that
the modulation frequency does not play an importsnt role in the directivity
pattern of an MTS moving at transonic velocity. Theoretical curves sre not
shown in Fig. 27 becsuse the numerical cades seem to yield unstable results
near Mach one. The reason for this discrepancy has not been determined yet.
It should be emphasized that experimental results for 8 source moving at
Mach 1 are highly dependent upon the Trequency response of the receiving
hardware (hydrophone-smplifier-filter) which should optimally have a very
l8rge bandwith. However, the H-56 hydrophone used in this experiment has
an upper frequency limit of sbout 70 kHz (see calibration curves in
Appendix B). Moreover, the correction for the vertical sensitivity of the
hydrophone is very difficult to assese when the received signal is
broadbsnd. Thus quantitative measurements around Mach 1 are to be taken
cautiously.

The directivity psttern in a plane parsilel to the interface between
sir and water (x-y plane) will be referred ta as 8 horizontal directivity

pattern. Figure 28 shaws the horizontal directivity pattern of an MTS for
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three different source velocities, but under similsr conditions: ry =2 m,

.‘!

fo = 25kHz and 6, = 80°. When the source is stationery, the messured

LRI A

acoustic redistion is fairly omnidirectionsl, as predicted by the theory

given by the solid line in Fig. 28(s). The results are normelized by the

pressure signel received at ¢,=90°. The theoreticsl curves were obtained

by running the numerics! progrsm described previously, over seversl values

of the sngle ¢, Fig. 28(b), whose scsle differs from that of Fig. 26(s),

shows the horizontal directivity psttern of en MTS moving st M = 04
A towsrds the receiver, and Fig. 28(c) spplies to the cese of an MTS moving at
- M = 05 swey from the receiver. In both ceses there is reasonsble
agreement between theory and experiment snd the results show thst indeed
scoustic radiation is stronger in the direction of motion of the source. The
theoreticsl model seems, however, to overestimate the acoustic level in
the direction opposite to the motion of the source snd this discrepsncy is
not fully understood.

The horizontsl directivity psttern of & transonic TS weas investigsted
experimentally and the result is given in Fig. 29. It shows thst more than 30
dB in scoustic amplitude can be gained in the Mach cone where 8 very strong
brosdband signat is emitted by the moving source, 8s indicsted by the upper
time waveform in Fig. 29. Both time waveforms in Fig. 29 sre normslized to
unity. When the Doppler shifted wevelength Ag=A,l1-Msind,coséyl is of the
order of the leser beem dismeter, diffraction effects are obviously
important and 8 strong diffraction loss is expected te reduce the sound
level. This heppens when

83




"n'd’a l'

»
N Mt

N ON

[ A

PRESSURE

PRESSURE

fat Ye P L L I i LY - a " » - - ) RS

DECIBELS

AAd b bl A b s A A A A A A )

TIME

M=1

fo = 25 kHz
fg=20m

a = 13.7 Np/m

150°

180°

FIGURE 29
HORIZONTAL DIRECTIVITY OF A TRANSONIC MTS

ARL UT
AS-88-302-v
YHB - GA
3-25-88

% % * vV VW

ol

o w @ o o »
2 esea” "

RPN N

!

s e .
P

».:‘b—‘ ‘1"

L% a8 o6 SN 4
R

N

P

'l '! " .l ]
o



O YN

i

that is to say, when ¢);,= 32° , and this may be en explsnation for the
sudden drop in level sround ¢, = 300. The second waveform shown in
Fig. 29 indicates thst for angles ¢5> ¢}, (ie., well outside the Mach
cone), the received pressure wavefarm is not 8 strong transient but rather
8 waveform modulated at its Doppler shifted frequency. Hence there sre
two sngular regions associsted with transonic source motion. In one region
the waveform is a8 Mach wave and in the other region the 18ser modulstion
waveform is dominant.

Directivity pstterns were 8lso obtained for the case of 8 long and
narrow thermoscoustic source crested by illuminating the water with the

ruby laser (a=1.5 Np/m). Experimental dats are given in Appendix |.
3. Sound level versus Mach number

In another set of measurements we investigated the dependence of
the sound pressure level on the source velocity. The results sre shown in
Fig. 30, where the dashed line represents the theoreticel predictions
obtained by numericsl analysis of the pressure waveforms computed for
seversl values of the Mach number as seen by the receiver, M = M sing,
cosé,. The genersl shope of the predicted curve follows the trend of the
experimental dats with, however, an unexplsined discrepsncy in the
smplitude of the sharp pesk which occurs arcund M=1. It is possible that in

the transonic regime, some nonlinear effects, which have not been included
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in the present model, become of significant importsnce. The results shown
in Fig. 30 are normalized so thst both theory and experiment have a value of .
0 dB at M=0 .In fact the absolute level messured experimentally at M=0 was
of 116.7 dB, wheress the theory predicts 8 level of 109.4 dB. This significant
difference is so far unexplained.
The physical interpretation of the two symmetric dips aroundM = 1 is
that diffraction effects due to the finite width of the laser beam become
important and tend to lower significantly the acoustic radiation. In the case
of monochromstic radistion we have seen thst the frequency filtering
assaciated with finite beamwidth effects is given by Eq. (4.6) which shows

that & diffraction loss of 3 dB is expected to occur when
(kgasingy/2)2= Ln(103/20) (48)

thet is to say , when M = 1 ¢+ 535 Q , where Q = f, / ( c/8 sing,) is s
nondimensions! frequency. [n our experiments Q is 0.0828 so that the 3 dB
points sre expected to occur around M = 0.6 and M = 1.4 . As indicated by
Fig. 30, this is confirmed experimentaily. When M spprosches unity, the
acoustic signel becomes so short that the monochromatic assumption is not
valid sny more and thus Eq. (4.6) cannot be used to predict the diffraction
loss. In fact at M = 1, all of the scoustic disturbsnces emitted during the
motion of the source seem to add coherently , so that s strong transient is
observed at the receiver. A gsin of more than 25 dB has been observed over
the amplitude of 8 stationary laser source of similar characteristics.

The three normalized waveforms shown in the windows of Fig. 30
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indicate the typicsl behsvior of the pressure waveform for the three
regions of the curve. In the first region the thermoscoustic signel is
modulated st its Doppler frequency. When M is further incressed,
diffraction effects reduce the scoustic level until the monochromatic
sssumption does not hold and 8 very strong transient is genersted as
indicated in the second region. In the third region, when diffraction effects

become negligible, one can observe time-inverted thermoacoustic signsls.

4. Spresding curves

The spresding curves shown in Fig. 31 show the sound level
dependence on the distance ry between the thermoacoustic source snd the
receiver. These curves are plotted for three different source velocities:
M=0 , M=1 , and M=1.3. The other psrameters of interest sre f,=35 kHz ,
8,=840 , and ¢,=00 . The predicted spreading curves, indicated by a solid
line in Fig. 31, were obtained 8s follows.

In the case of 8 TS, the predicted spresding curve was obtained from
Eq. (3.32). For the case of an MTS, Eq. (3.32) does not apply becvuse the
received frequency is actuslly time dependent. In Fig. 31, the theoretical
predictions for trensonic snd supersonic regimes are based on the
assumption that the Doppler shifted wavelength characteristic of the
scoustic radistion is small compeared to the distance of observstion, so
that sphericsl spresding (6 dB per doubling distsnce) dominates over
cylindrical spresding (3 dB per doubling distsnce). Experimentsl dete

support this sssumption very well, as indicated by Fig. 31.
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C. Conclusions

The acoustic characteristics of 8 moving thermoacoustic source created
by moving a modulated laser across a fluid-air boundary have been examined
by imagining the source to consist of many line sources each of which are
excited at successive times corresponding to the motion of the laser source
along its path. In this manner it is possible to construct the acoustic
pressure received by a hydrephone by adding the sound contribution of each
line source with the appropriate delay. The result is a pseudo-conveolution
between the impulse response of the system and the acoustic source
strength. This analysis lends itself well to numerical simulation. It is valid
in the nearfield of the thermoacoustic source and, in principle, for any
source velocities. In the case of a stationary source, the impulse response
of the system is fixed in time, so the pressure calculation reduces to a true
convolution. Further, it is possible to include the effect of the finite
besmwidth of the laser beam by convolving the pressure calculated
assuming an infinitesimal beam with the impulse response of the system to
laser heat applied across the beam at a fixed depth in the fluid. Although

this impulse response is & function of the location and velocity of the

source, the corrections produced by the nonstationarity of the source are
small and may be ignored. ~_
Experimental results have been presented which indicate excellent

agreement between the measured and predicted waveforms including the

'0'-',!" AP '.
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subsonic, transonic, and supersonic cases. |t has been shown that the

waveforms in these three velocity regions differ markedly from one another.
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In the subsonic region the waveform consists of a modulated signal with an x
envelope that first grows rapidly and then decays slowly. As the source ‘
velocity increases, the amplitude and frequency of the wavefarm increase
and the total time of duration decreases. ([n the supersonic region, the
pressure waveform is very similar to that for the subsonic region, but the
signal is time inverted. This time inversion phenomenon is caused by
moving the source toward the receiver at a cpeed faster than the speed of
sound. In the transonic region the waveform shows almost no frequency
modulation, but is 8 very fast negative puise with smaller leading and
lagging positive exponential tails. Previous ansiyses!8.26 in which the
pressure field radiated by an MTS is replaced by the pressure field of an
equivalent stationary array, corrected by a Doppler shift, have failed at
transonic source velocities because of neglecting the fact that the Mach
number of the source as ceen by the receiver depends on angle and hence
location of the source.

Experimental measurements and theoretical predictions for the
directivity patterns produced by a moving laser source were shown to be in
good agreement. These results were presented for bath the horizontal and
vertical planes. The results also show that near transonic source velocity
the modulation frequency of the laser is not a significant determinant of the
directivity pattern. Below and above transonic source velocily, the
modulation frequency has a direct effect on the directivity pattern; a
narrower beam is produced as the modulation frequency increases.

Experimental results and theoretical predictions were also presented

for the sound pressure level as a function of the source velocity as seen by 8
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hydrophone at a fixed position. These results show the largest discrepancy
of all of the theory and experiment comparisons. Although the curves have 8
similar shape there is a notable and large disagreement near Mach one.
Experimentally, 1arge acoustic signals were observed near transonic source
velocity, with amplification of almost 20 dB above the levels in the
subsonic and supersonic region, and more than 30 dB in the horizontal
directivity pattern in the direction of motion of the source. Theoreticaily,
the predicted amplification at transonic velocity is much smaller than the
one measured experimentally. This suggests that there may be nonlinesar
: mechanisms which bacome important near Mach one and which have not been
included in the physical model. More work is necessary to explain the exact
nature of this discrepancy.

Finally, experimental results for the spreading of the moving and
stationary laser source were compared to theoretical predictions. It was
shown that in the nearfield, the laser source exhibits cylindrica! spreading,
then switches over to spherical spreading in the farfield. These results

agree well with physical intuition.




CHAPTER V

THE DOPPLER SHIFT OF AN ACOUSTIC SOURCE MOVING
AT TRANSONIC VELOCITYZ24

(n order to improve the intrinsicslly low efficiency of the conversion
by therms!l expansion, of light into sound, Soviet ph cicists hsve
studied?8-32 ve'y closely the sound field radisted by 8 thermoscoustic
source moving 8t transonic velocity. They have shown experimentally that
indeed & substantisl gein in sound level occurs when the source is moving
trensonically. This has slso been confirmed experimentslly in the previous
chapter. It is 8 striking fact, however, that most theories which rely on the
Doppler shift to asccount for the motion of the source bresk down st
transonic source velocity. The resson for this is that, sccording to
classical theory, the Doppler shift sssociated with an scoustic source
moving 8t constant velocity induces 8 straining of the time coordinate, ss
perceived at the receiver. This time straining is described by

t'=t{(1-Mcos@) , (59

where t' denotes the time coordinste in the fixed frame of reference

Pl |

(receiver), t is the time coordinste in the moving frasme of reference
(source), M is the Mach number of the source, and © is the angle between the

direction of motion of the source snd the direction of observstion. At
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transonic velocities, t' can sssume 8 velue of zero, in which case sll the
acoustic energy emitted by the source is received in 8n infinitesimal
increment of time. This .mplies an infinite instantsneous power which is
not physicelly reslizable. The object of this chapter is to use the method of
cheracteristics to find the exact Doppler shift of a transonic source. Two
cases are considered: s point source snd a line source of finite length, both

moving rectilinearly towsrds or awsay from & point receiver.
A. Point source
1. Characteristics

Consider 8 point source moving 8t constsnt velocity in 8 straight
line, 8s shown in Fig. 32. Let us sssume thst the source is emitting 8
rectanguler pulse of duration tp. This simplificetion is justified by the fact
that we are primarily concerned with time sceles and not wave shapes. The
present snslysis is not, however, restricted to transient sources. It is
understood thet v, is just a characteristic time of the scoustic emission.
The Doppler factor D msy then be described as the ratio of the pulse
durstion Cp recorded st the receiver to the pulse durstion tp emitted by the

saurce.

D= ¢p / Tp . (5.2)

Note thst Tp, ond therefore D, are sllowed to take on negative velues which

.........................................................
............................
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is whet will happen st supersonic source velocities. It is an effect of the
time reverssl phenemenon which occurs when 8 source is moving faster
than the disturbsnces it generstes.

Another quantity relevant to the motion of an acoustic source is the

Doppler gain G, defined by
G=|1/D]| : (5.3)

The gain cen be explsined in terms of conservation of energy. The motion of
the source induces 8 change in the time scsles, but the net energy flux st
the receiver is unchenged. The average power in the received signal must
change accordingly then. Reducing the received pulse duration therefore
incresses the sverage received power by the factor G. It is important to
note that, if the source is directionel, the motion of the source induces 8
redistribution of energy ss a8 function of angle of observation, and thus the
gein G is not just the gsin in smplitude of the scoustic pressure. This
dependence of the source directivity properties as seen by the receiver, on
source motion, makes the problem much more complicated and it is beyond
the scope of the snslysis presented in this chapter. Time inversion hes no
effect on the gain G, since only its amplitude has s significant meening. This
is why an absolute velue was introduced in Eq. (5.3).

The problem is therefore to find the pulse durstion *p recorded at
the receiver. A convenient spprosch for solving this problem is to use the
method of cheracteristics which consists of finding the time of srrivel of

each wavelet coming from the source during its motion along the x-axis.
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The results sre plotted in the x-t plane.

Let us define tp(x) 8s the time of arrivsl st the receiver of 8 wevelet
emitted when the source was st<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>